The biosynthesis of iron-sulfur (Fe-S) clusters in Bacillus subtilis is mediated by the SUF-like system composed of the sufCDSUB gene products. This system is unique in that it is a chimeric machinery comprising homologues of E. coli SUF components (SufS, SufB, SufC and SufD) and an ISC component (IscU). B. subtilis SufS cysteine desulfurase transfers persulfide sulfur to SufU (the IscU homologue); however, it has remained controversial whether SufU serves as a scaffold for Fe-S cluster assembly, like IscU, or acts as a sulfur shuttle protein, like E. coli SufE. Here we report that reengineering of the isoprenoid biosynthetic pathway in B. subtilis can offset the indispensability of the sufCDSUB operon, allowing the resultant Dsuf mutants to grow without detectable Fe-S proteins. Heterologous bidirectional complementation studies using B. subtilis and E. coli mutants showed that B. subtilis SufSU is interchangeable with E. coli SufSE but not with IscSU. In addition, functional similarity in SufB, SufC and SufD was observed between B. subtilis and E. coli. Our findings thus indicate that B. subtilis SufU is the protein that transfers sulfur from SufS to SufB, and that the SufBCD complex is the site of Fe-S cluster assembly.
Introduction
Iron-sulfur (Fe-S) clusters are among the most ancient and versatile protein cofactors and involved in a number of cellular processes such as respiration, photosynthesis, nitrogen fixation, DNA repair, gene regulation and various other functions throughout all kingdoms of life (Beinert et al., 1997; Rees, 2003; Lill, 2009; Mettert and Kiley, 2015; Pain and Dancis, 2016) . The biogenesis of Fe-S clusters is a highly complex and coordinated process. In bacteria, three distinct pathways termed the NIF system (Jacobson et al., 1989; Tokumoto et al., 2004) , the ISC system (which is also conserved in eukaryotic mitochondria) (Zheng et al., 1998; Nakamura et al., 1999; Tokumoto and Takahashi, 2001; Braymer and Lill, 2017) , and the SUF system (which is also conserved in eukaryotic plastids) Outten et al., 2004; Balk and Schaedler, 2014) have been identified and characterized in the past two decades. The three systems share some mechanistic aspects: the biosynthetic processes include mobilization of sulfur by the action of cysteine desulfurase, de novo formation of the Fe-S cluster on a so-called scaffold protein, and delivery of the cluster to target proteins (Johnson et al., 2005; Ayala-Castro et al., 2008) . Escherichia coli and closely related enterobacteria possess two pathways: the ISC system encoded by the iscR-SUA-hscBA-fdx-iscX operon and the SUF system encoded by the sufABCDSE operon (Tokumoto and Takahashi, 2001; Takahashi and Tokumoto, 2002; Outten et al., 2004; Jang and Imlay, 2010) .
In the ISC machinery, IscS, a pyridoxal 5 0 -phosphatecontaining cysteine desulfurase, mobilizes the sulfur from the substrate L-cysteine and donates it to IscU via a specific protein-protein interaction (Smith et al., 2001; Urbina et al., 2001; Kato et al., 2002) . IscU serves a pivotal role as a scaffold for the de novo assembly of a Fe-S cluster (Agar et al., 2000; Shimomura et al., 2008) . Fdx, cluster-containing ferredoxin, is likely involved in electron-transfer to reduce S 0 to S 2- (Kakuta et al., 2001; Kim et al., 2013) . HscA and HscB, a dedicated Hsp70 chaperone and a J-type co-chaperone respectively, synergistically interact with IscU and facilitate the cluster transfer from IscU to target proteins (Hoff et al., 2000; Chandramouli and Johnson, 2006) . IscA and SufA (a homologous component encoded in the suf operon) are involved in the maturation of a subset of Fe-S proteins, although their exact role is still elusive Vinella et al., 2013; Tanaka et al., 2016) . Among these ISC components, recent genetic studies have indicated that IscS and IscU provide core and irreducible functions for the Fe-S cluster assembly, while Fdx, IscA, HscB and HscA play auxiliary roles: Fdx and IscA are dispensable under anaerobic conditions, and the chaperone system (HscA and HscB) can be bypassed by suppressor mutations in IscU (Tanaka et al., 2016) .
In the SUF machinery, the sulfur atom is transferred from SufS cysteine desulfurase to SufE and then to the SufBCD complex. Thus, SufE serves as a sulfur shuttle protein that interacts with SufS to accept the persulfide species on the active site Cys51 residue, and in turn, interacts with SufB and transfers persulfide for assembly of the Fe-S cluster (Mihara et al., 1999; Loiseau et al., 2003; Ollagnier-de-Choudens et al., 2003; Outten et al., 2003; Layer et al., 2007) . SufB forms a stable complex with SufC and SufD with a 1:2:1 stoichiometry, and the complex acts as a scaffold for the de novo Fe-S cluster assembly Gupta et al., 2009; Saini et al., 2010; Wollers et al., 2010) . Our recent structural, biochemical and mutational studies have provided insights into the unique mechanism of Fe-S cluster assembly by the SufBCD complex including conformational change of SufBD triggered by dimerization of two subunits of SufC on ATP binding (Hirabayashi et al., 2015; Yuda et al., 2017) . However, the intermediate states, in particular the Fe-S cluster-containing form, have yet to be clarified.
In the Gram-positive model bacterium Bacillus subtilis, the Fe-S cluster assembly components are encoded in the sufCDSUB operon, in which SufS and SufBCD are similar to the corresponding E. coli SUF components, whereas SufU exhibits similarity with IscU of the ISC system (Fig. 1A) , thus representing a chimeric system consisting of SUF and ISC components (which we call the SUF-like system in this study). Similar chimeric suflike operons are widely distributed in Bacilli, Actinobacteria and some Spirochaetes as well as Thermotogae (Tokumoto et al., 2004; Huet et al., 2005; Boyd et al., 2014; Outten, 2015) . The three Cys residues of IscU responsible for Fe-S cluster binding are conserved in SufU, but characteristically, these residues of SufU together with the Asp43 residue form a binding site for a Zn 21 ion (Kornhaber et al., 2006; Selbach et al., 2014) .
Recent biochemical and structural characterization of B. subtilis SufS and SufU has demonstrated that SufU interacts with SufS and enhances its cysteine desulfurase activity, in which persulfide sulfur is transferred from SufS Cys361 to SufU Cys41 (Albrecht et al., 2010; Selbach et al., 2010; Albrecht et al., 2011; Selbach et al., 2014; Blauenburg et al., 2016) . In vitro studies also indicated that, on chemical reconstitution, an Fe-S cluster was assembled on SufU that could be transferred to an apo-protein target isopropylmalate isomerase, leading to the proposal that, like IscU, SufU serves as a scaffold for de novo assembly of the Fe-S cluster (Albrecht et al., 2010; Albrecht et al., 2011) . However, (Selbach et al., 2014) , although no sulfur transfer from SufU to any protein, including SufBCD, has as yet been demonstrated. This is probably because of the difficulty in preparation of SufBCD; so far, the function of Gram-positive SufB, SufC and SufD has only been inferred from the sequence similarity to the E. coli SUF system. Given that both SufU and SufBCD seem to serve as scaffolds for assembly of the Fe-S cluster, the emergence of two distinct scaffolds in the same operon presents an interesting conundrum. So far, in vivo genetic analysis of the Gram-positive suf-like operon has also been limited due to the indispensability of the genes for cell viability (Kobayashi et al., 2003; Huet et al., 2006; Albrecht et al., 2010; Roberts et al., 2017) . By contrast, recent studies have demonstrated that modification of the isoprenoid biosynthetic pathway in E. coli can offset the indispensability of the Fe-S cluster biosynthetic systems, and that the Disc Dsuf double mutant can grow without Fe-S clusters (Trotter et al., 2009; Vinella et al., 2009; Tanaka et al., 2016) . For this study, we used a similar strategy to disrupt the B. subtilis sufCDSUB operon and demonstrate, for the first time, construction and characterization of Dsuf mutants. Furthermore, bidirectional complementation assays using the B. subtilis and E. coli mutants revealed the interchangeability between B. subtilis SufSU and E. coli SufSE, providing evidence that B. subtilis SufU is involved in sulfur transfer from SufS to SufBCD. We also demonstrate phylogenetic relationships among SufU/IscU and other related proteins.
Results

Construction of suf-deletion mutants of B. subtilis
The five genes in the sufCDSUB operon are among the select group of essential genes in B. subtilis (Kobayashi et al., 2003) . The dependency on Fe-S biosynthetic components for cell survival suggests that certain Fe-S enzymes are required for indispensable reactions. We searched for B. subtilis Fe-S proteins in the literature and the UniProt database (www.uniprot.org), and identified 50 Fe-S proteins and 11 putative Fe-S proteins (Supporting Information Fig. S1 ). Among them, only two Fe-S enzymes, 1-hydroxy-2-methyl-2-butenyl 4-diphosphate (HMBPP) synthase (IspG) and HMBPP reductase (IspH) are involved in indispensable reactions in the 2-C-methyl-D-erythritol-4-phoshate (MEP) pathway for isoprenoid biosynthesis (Supporting Information Fig. S2 ). To bypass the essential enzymes IspG and IspH and to offset the indispensability of the Fe-S biosynthetic system, the isoprenoid biosynthetic pathway was modified by inserting four genes for the mevalonate (MVA) pathway (Takagi et al., 2000) , which allowed B. subtilis to synthesize isopentenyl diphosphate (IPP) and diphosphomevalonate (DMAPP) from MVA. Then, the suf disruptants were successfully segregated on agar plates containing 2xYT medium supplemented with glucose, pyruvate, IPTG and MVA (here designated as the 2xYT complete medium). However, the disruptants could not be transformed by means of a conventional method (Anagnostopoulos and Spizizen, 1961) or a highosmolarity electroporation method (Cao et al., 2011) . Hence, we took advantage of an additional copy of the comK gene (a master regulator of competency) that is expressed under the control of the xylose-inducible promoter P xylA . A series of strains each lacking a single SUF component or the whole machinery was thus constructed in the lacA::P xylA comK background (Fig. 1B) , in which the disruption of each suf gene was confirmed by colony PCR (Supporting Information Fig. S3 ). We confirmed that the additional copy of comK did not alter phenotypic characteristics of the mutants described below.
The suf disruptants show malfunction of Fe-S proteins All the suf disruptants exhibited retarded growth on the 2xYT complete medium with doubling time more than three-fold longer than that of NY105 (hereafter designated as wild type) harboring the pBMV4 Nm r plasmid and the genomic lacA::P xylA comK allele (Figs. 1B and 2). Growth retardation of the mutants was exacerbated when glucose and pyruvate were omitted from the medium, explaining why we could not isolate the disruptants on LB plates. The mutants exhibited defects in sporulation, and underwent bacteriolysis on agar plates within 10 days. Only modest growth was observed under anaerobic conditions, suggesting that the mutants rely primarily on oxidative metabolism. Under both aerobic and anaerobic conditions, the mutants showed absolute dependence on MVA ( Fig. 2 and (Fujita, 2009) , and the cells are usually cultivated in minimal media for enzymatic assays. However, we detected modest but significant activities in the lysate of wild-type cells cultivated in the 2xYT complete medium (Fig. 3) . By contrast, no activities of the Fe-S enzymes were detected in the lysate of the suf disruptants. As a control, we examined the activity of malate dehydrogenase, a non-Fe-S enzyme, and found that it was not significantly different in the strains. Taken together, the similarity of the growth defects observed for the six suf disruptants and the concomitant lack of Fe-S enzyme activities in these strains indicate that all the five components encoded by the sufCDSUB operon are essential for Fe-S cluster biosynthesis.
The suf mutants were able to grow in a synthetic medium when amino acids, purines, pyrimidines and several vitamins (thiamine, nicotinic acid, biotin and lipoic acid) were supplemented to minimal medium in addition to MVA, glucose, pyruvate and IPTG. To define the auxotrophy, the nutritional components were systematically omitted from the medium. As for purines, the suf mutant was able to grow in the presence of either adenine or guanine, but not in the absence of both (Fig. 4A ). This purine auxotrophy is consistent with a defect in amidophosphoribosyltransferase, a [4Fe-4S] enzyme that converts 5-phosphoa-D-ribose-1-diphosphate to 5-phospho-b-D-ribosylamine involved in the purine biosynthetic pathway (Makaroffs et al., 1983) . As for pyrimidines, the suf mutant required uracil for growth, consistent with a defect in dihydroorotate dehydrogenase, a [2Fe-2S] enzyme that converts dihydroorotate to orotate (Kahler et al., 1999) . Among 19 amino acids (B. subtilis 168 is a tryptophan auxotroph), the suf mutant could not grow in the absence of isoleucine, leucine, or valine (Fig. 4B ). The leucine biosynthetic pathway involves the conversion of 2-isopropylmalate to 3-isopropylmalate through the action of the [4Fe-4S] enzyme 3-isopropylmalate dehydratase. The isoleucine and valine biosynthetic pathways both utilize dihydroxy-acid dehydratase, a [4Fe-4S] enzyme that produces the isoleucine precursor 3-methyl-2-oxopentanoate from 2,3-dihydroxy-3- Fe-S cluster biosynthesis in Bacillus subtilis 691 methylpentanoate and the valine precursor 2-oxoisovalerate from 2,3-dihydroxy-3-methylbutanoate. The suf mutant did grow in the absence of either methionine or cysteine, but not when both were lacking. This methionine/cysteine auxotrophy can be explained by the defect in sulfite reductase, a [4Fe-4S] enzyme that catalyzes the reduction of sulfite to sulfide for sulfur assimilation. Similarly, omission of glutamine and glutamate from the medium arrested the growth of the mutant, which can be attributed to the malfunction of glutamate synthase described above (Fig. 3) , which enzyme catalyzes the conversion of L-glutamine and 2-oxoglutarate to two Lglutamate molecules for nitrogen assimilation. These results suggest that the SUF-like machinery is required for the maturation of a number of Fe-S proteins carrying either [2Fe-2S] or [4Fe-4S] clusters. We also tried to identify vitamin auxotrophies; however, growth arrest was not reproducibly observed in the absence of thiamine, nicotinic acid, biotin, or lipoic acid (data not shown). Since these compounds are required only in trace amounts for growth, some of them may have been carried over from the preculture.
The SUF-like machinery is functionally replaced with the NIF machinery
We were able to transform suf mutants through the induction of an additional copy of comK by addition of xylose into the 2xYT complete medium, although the efficiency was, for unknown reasons, very low. We cloned the whole sufCDSUB operon and each individual suf gene separately into a plasmid and introduced it into the corresponding mutant cells. The resulting transformants grew as well as the wild-type cells even in the absence of added MVA (Fig. 5 ). This full complementation indicates that any polar effect of gene disruption on the downstream genes was negligible.
We had previously demonstrated that the iscSUAhscBA-fdx and sufABCDSE operons in E. coli could be functionally replaced with the nifSU genes from Helicobacter pylori (Tokumoto et al., 2004) . When the nifSU genes from H. pylori were introduced into the B. subtilis DsufCDSUB mutant, the cells were no longer dependent on MVA for growth suggesting that NifSU can support Fe-S cluster biogenesis in the absence of the suf-like operon (Fig. 5) . The results indicate that the B. subtilis SUF-like system serves as a bona fide biosynthetic machinery for Fe-S clusters.
Heterologous complementation of B. subtilis mutants with E. coli genes B. subtilis SufB, SufC, SufD and SufS show a high degree of sequence homology with E. coli SUF components, whereas B. subtilis SufU shows limited homology with E. coli IscU (Fig. 1A) . To examine functional interchangeability between the relevant components of B. subtilis and E. coli, each E. coli gene was cloned into a plasmid with the artificial SD sequence (AAGGAGATATACAT) to ensure proper translation in B. subtilis cells, and introduced into the corresponding B. subtilis suf mutants. As shown in Fig. 5 , E. coli sufC allowed B. subtilis DsufC cells to grow in the absence of MVA. Similarly, the MVAdependent growth phenotype of B. subtilis DsufD strain was restored by E. coli sufD. Conversely, the phenotype of B. subtilis DsufB, DsufS and DsufU mutants was not complemented by E. coli genes sufB, sufS and iscU respectively (Fig. 5 and data not shown). We also tried heterologous complementation of the B. subtilis DsufU mutant with E. coli sufE, but was unsuccessful (Fig. 5) . Thus, the interchangeability of individual components between E. coli SUF and the B. subtilis SUF-like systems was limited. 
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Next, we focused on the specific partnership between cysteine desulfurase and its cognate protein, which receives sulfur from the desulfurase. For example, three cysteine desulfurases in E. coli, SufS, CsdA and IscS, specifically transfer persulfide sulfur to the cognate partner proteins, SufE, CsdE and IscU (IscS also transfers sulfur to ThiI, TusA and MoaD) respectively, without detectable cross-talk (Outten et al., 2003; Tokumoto et al., 2004; Loiseau et al., 2005) . Hence, E. coli genes iscSU, sufSE and csdAE were cloned in pairs and introduced into B. subtilis mutants. No complementation was observed for iscSU and csdAE, whereas sufSE allowed the DsufS and DsufU cells to grow in the absence of MVA. Similarly, the B. subtilis DsufSU mutant was complemented by E. coli sufSE but not by E. coli iscSU or csdAE (Fig. 5) . Importantly, the complementation by sufSE was abolished by the Cys51Ala substitution in E. coli SufE, a residue essential for the sulfur transfer from E. coli SufS (Outten et al., 2003) . These results indicate that the role of B. subtilis SufS and SufU can be performed by the well-characterized E. coli components, cysteine desulfurase SufS and the sulfur carrier protein SufE.
Heterologous complementation of E. coli mutants with B. subtilis genes We next examined heterologous complementation using the E. coli mutant strain UT109 in which the chromosomal suf operon and the isc operon are deleted (DsufABCDSE DiscUA-hscBA). The plasmid pUMV22 Sp r carrying genes for the MVA pathway allows UT109
to grow with an absolute dependence on MVA supplementation (Tanaka et al., 2016) . Since the expression of the E. coli sufABCDSE operon is downregulated under normal growth conditions (Outten et al., 2004; Jang and Imlay, 2010) , the operon was cloned in a plasmid and expressed under the control of the P lac promoter in UT109. For this study, each coding region was deleted from the plasmid and the cells harboring the plasmids were denoted by the deletion (i.e., DsufB, DsufC, DsufD, DsufS, DsufE and DsufSE). On introduction of another plasmid carrying the corresponding gene (e.g., the pBBR-Ec sufB plasmid in the case of DsufB cells) to complete the suf gene set, the cells grew as well as the wild type cells even in the absence of MVA (Fig. 6 ). The MVA-dependent phenotype of E. coli DsufC and DsufD cells was rescued by introduction of plasmids carrying B. subtilis sufC and sufD respectively, in which the complementation by B. subtilis sufC was partial (Fig. 6 ). By contrast, B. subtilis sufB, sufS and sufU were unable to complement the E. coli DsufB, DsufS and DsufE cells respectively. However, on introduction of B. subtilis sufSU, the phenotype of E. coli DsufS, DsufE and DsufSE cells was substantially restored. These results nicely fit with those of the heterologous complementation using B. subtilis mutants described above (Fig. 5) .
Species specificity is modulated by suppressor mutations
The bidirectional heterologous complementation analysis described above indicates that SufC and SufD are functionally interchangeable between B. subtilis and E. coli, whereas SufB is not. To explore which amino acid residues of SufB are involved in this species barrier, mutations were randomly generated in B. subtilis sufB by error prone PCR and the resultant plasmids were introduced into E. coli DsufB cells. Among thousands of transformants, five colonies grew in the absence of MVA, albeit at slower rate compared with the cells transformed with E. coli sufB, suggesting partial restoration of Fe-S cluster biosynthesis. The plasmids were recovered from the revertant cells and subjected to sequence analysis, which revealed one point mutation each in the coding region of B. subtilis sufB that caused the amino acid substitutions Met312Lys, Val354Ala, Asp376Gly, Asp387Gly and Ile464Thr. When the plasmids were reintroduced into E. coli DsufB cells, growth, albeit slow, of the transformants was observed on a plate lacking MVA (Fig. 7) , confirming that the B. subtilis sufB mutations were responsible for the phenotypic changes observed in the revertants. Thus, a single amino acid substitution allowed B. subtilis SufB to cross the species barrier.
B. subtilis SufU and E. coli IscU exhibited distinct properties
Previously, in vitro reconstitution of Fe-S clusters by means of B. subtilis SufU has been demonstrated, leading to the proposal that B. subtilis SufU serves as a scaffold for the de novo Fe-S cluster assembly as E. coli IscU does (Albrecht et al., 2010; Albrecht et al., 2011) . However, the inability of E. coli iscSU to restore the B. subtilis DsufSU mutant phenotype (Fig. 5) suggests that the role of B. subtilis SufU could not be performed by E. coli IscU. Consequently, we examined whether the in vivo role of E. coli IscU is functionally substituted by B. subtilis SufU. For this purpose, the plasmid carrying B. subtilis sufSU genes was introduced into E. coli mutant strains NT1401 (DiscS DsufABCDSE) and NT2001 (DiscU DsufABCDSE). However, the heterologous complementation was unsuccessful under both aerobic and anaerobic conditions (Supporting Information Fig. S4 ). This contrasts with the complementation of E. coli DsufS, DsufE and DsufSE cells by B. subtilis sufSU (Fig. 6) .
Next, we focused on the amino acid residues conserved between B. subtilis SufU and E. coli IscU (Supporting Information Fig. S5 ). The three cysteines at positions 37, 63 and 106, and Asp39 are essential residues of IscU for its scaffolding function . In this study, the corresponding residues in B. subtilis SufU were replaced by several amino acids and introduced back into the B. subtilis DsufU mutant. When Cys41 and Cys66 (corresponding to E. coli Fig. 7 . Suppressor mutations in B. subtilis SufB complemented the lack of E. coli SufB. B. subtilis sufB was subjected to random mutagenesis using error-prone PCR, cloned into a plasmid, and then introduced into the E. coli mutant cells lacking SufB. Plasmids were recovered from those transformants that grew even in the absence of MVA, and their sequences determined. The plasmids were re-introduced into the E. coli DsufB cells and the resultant transformants were grown on LB plates in the absence of MVA at 378C for 48 h. r were transformed with a plasmid pRK-sufAB_DSE (DsufC), pRK-sufABC_SE (DsufD), pRK-sufA_CDSE (DsufB), pRKsufABCD_E (DsufS), pRK-sufABCDS (DsufE) or pRK-sufABCD (DsufSE), and then with a plasmid carrying the E. coli (Ec) gene (to complete the SUF system) or the relevant B. subtilis (Bs) gene. The transformants were grown on LB plates supplemented with 0.4% glucose in the absence of MVA at 378C for 72 h.
Cys37 and Cys63 respectively) were replaced by Ser, Asp, or His, the transformants did not grow without MVA (Fig. 8 and data not shown), indicating no complementation. By contrast, the substitution of Cys128 (corresponding to E. coli Cys106) by Asp partially restored the mutant phenotype. Most remarkably, Asp43 (corresponding to E. coli Asp39) could be replaced by Glu or Cys without noticeable functional deficit. These results suggest that, despite the strict conservation, the roles of Cys128 and Asp43 in B. subtilis SufU are not identical with those of the corresponding residues in E. coli IscU.
Phylogenomic study of IscU and SufU. We found that 653 genomes of a total 868 selected microbial genome sequences (http://mbgd.genome.ad.jp) encoded 794 SufU/IscU sequences. A preliminary phylogenetic analysis allowed us to identify six subfamilies (Supporting Information Figs. S5-S7 ). The IscU subfamily (Group 1a) comprised 214 sequences (27% of the total), which were predominantly found in alpha-, beta-and gammaproteobacteria. Mitochondrial IscU (called Isu or ISCU) also falls into this category. Most of the bacterial iscU genes lie close to genes coding for components of the canonical ISC machinery (IscS, IscA, HscA, HscB and Fdx). Interestingly, gene loss of hscB was observed for some beta-proteobacteria (e.g., Zinderia insecticola), which was observed in parallel with alteration of the LPPVK sequence of IscU, which is involved in binding with HscA (Supporting Information Fig. S5 ). This is not surprising, however, as the HscA-HscB chaperonecochaperone system in E. coli can be bypassed by certain point mutations in IscU (Tanaka et al., 2016) . The NifU subfamily (Group 1b) comprised 71 sequences (8.9% of the total), which are characterized by fusion of an IscU-type N-terminal domain, a so-called Fer2_BFD domain and a C-terminal Nfu domain. The IscU-like subfamily (Group 1c) comprised 157 sequences (19.8% of the total) and exhibited phylogenetic diversity. Since the amino acid residues critical for Group 1a IscU (Cys37, Asp39, Cys63, His105 and Cys106 in E. coli) are conserved in almost all sequences in Group 1c (140 of 157, 89.2%), some members of the IscU-like subfamily, if not all, may be involved in de novo Fe-S cluster assembly. With the exception of IscS, however, auxiliary components of the canonical ISC machinery (IscA, HscB and Fdx) are rarely encoded in the genomes harboring the Group 1c IscU-like subfamily. Modified versions of NifU lacking the C-terminal Nfu domain, which are found in Chlorobi and some Spirochaetes, are also involved in Group 1c.
The SufU-containing clade was deeply branched from Group 1 after duplication of an ancestral sequence (Supporting Information Figs. S6 and S7 ). The SufU subfamily (Group 2b) comprised 214 sequences (27% of the total), which were characterized by insertion of ca. 20 amino acids between the second and third Cys residues and substitution of the His residue (at position 105 in E. coli IscU) with Lys (Supporting Information  Fig. S5 ). In most cases (183 of 214, 85.5%), the sufU genes are surrounded by genes coding for the SUF system (SufS, SufB, SufC and SufD), underscoring the critical interaction among the SUF components. The Group 2c subfamily comprised 69 sequences (8.7% of the total), which were predominantly found in alphaproteobacteria. The sequences contain the insertion between the second and third Cys residue as observed for the Group 2b SufU, but the third Cys is substituted by Ser. In Sinorhizobium meliloti, the SUF components are encoded by the gene cluster sufBCDSTA (Sasaki et al., 2016) , and separate genes for SufE (SMC00118) and the Group 2c SufU-like protein (SMC01006). We have recently observed that SufBCDS is involved in the biosynthesis of Fe-S clusters together with SufE, but not with the Group 2c SufU-like protein (our unpublished results). Thus, the function of the Group 2c SufU-like protein is currently unknown. Finally, there is a set of SufU-like sequences whose classification is not clear (tentatively termed Group 2a). These sequences formed diverse phylogenetic clades deeply branched from Groups 2b and 2c, although the majority of this type (55 of 69, 80%) lacks the insertion between the second and third Cys residue, distinguishing it from 2b and 2c. The Group 2a SufU-like sequences are encoded, in general, adjacent to the gene coding for SufS (55 of 69, 80%), suggesting that the pair is involved in sulfur mobilization. However, close localization of other suf genes (sufB, sufC and sufD) was seen only in a limited number of bacteria (28 of 69, 40.6%) including Chloroflexus aurantiacus. We note that the SufU-like sequences were also observed in some Mollicutes (e.g., Mycoplasma genitalium) that contain neither identifiable Fe-S proteins nor Fe-S cluster assembly systems (Tokumoto et al., 2004) . Hence, functional diversity should be anticipated for the Group 2a SufU-like proteins, which may not be confined to Fe-S cluster biosynthesis.
Discussion
SufCDSUB is the sole machinery for Fe-S cluster biosynthesis in B. subtilis
In this study, we report for the first time the construction and characterization of a B. subtilis mutant in which the sufCDSUB operon is disrupted. To bypass the essential Fe-S proteins IspG and IspH, we engineered the isoprenoid biosynthetic pathway by inserting an MVA pathway using heterologously expressed Streptomyces genes. The resulting suf mutant strains grew slowly and were strictly auxotrophic for MVA (Fig. 2) . These strains were completely devoid of activity of the Fe-S enzymes aconitase, succinate dehydrogenase and glutamate synthase (Fig. 3) . Furthermore, nutritional requirements for purine, pyrimidine and several amino acids were consistent with a malfunction of several Fe-S enzymes (amidophosphoribosyltransferase, dihydroorotate dehydrogenase, 3-isopropylmalate dehydratase, dihydroxy-acid dehydratase, sulfite reductase and glutamate synthase) involved in biosynthetic pathways (Fig. 4) . Since almost identical phenotypic defects were observed for the individual disruptants (DsufC, DsufD, DsufS, DsufU and DsufB) as well as DsufCDSUB, all five components appear to be equally essential for Fe-S cluster biosynthesis. The finding that the mutant phenotype could be rescued by the wellcharacterized nifSU operon from H. pylori (Fig. 5) further confirmed that the B. subtilis SUF-like system serves as a biosynthetic machinery with broad specificity toward apo-protein targets. Our results also demonstrate that B. subtilis does not contain any essential Fe-S proteins other than IspG and IspH involved in the MEP pathway and is in this respect similar to E. coli.
Previous studies have reported the construction of an E. coli Disc Dsuf double mutant using a similar strategy for engineering the isoprenoid biosynthetic pathway (Trotter et al., 2009; Vinella et al., 2009; Tanaka et al., 2016) . Both E. coli and B. subtilis mutants required rich media for growth from which MVA, glucose, amino acids, several cofactors and other soluble nutrients had to be supplied. In contrast to the E. coli mutant, which grew quite slowly under both aerobic and anaerobic conditions, the B. subtilis mutant showed a marked preference for aerobic growth (Fig. 2) suggesting a large contribution of oxidative phosphorylation compared to fermentation (glycolysis). In support of this view, the bacterium is equipped with an Fe-S cluster-independent respiratory pathway that involves type II NADH dehydrogenase (NDH-2) and quinol oxidase (cytochrome aa 3 and cytochrome bd) (Winstedt and Von Wachenfeldt, 2000; Gyan et al., 2006) . Although NADH production should be diminished by the defects in TCA cycle enzymes (aconitase and succinate dehydrogenase), such a deficit may be offset by the addition of pyruvate from which NADH is generated by the action of pyruvate dehydrogenase (Supporting Information Fig.  S8) . However, the alteration in energy metabolism does not explain the phenotypic differences between B. subtilis and E. coli mutants, since E. coli is also equipped with an Fe-S cluster-independent respiratory pathway. E. coli contains about 140 Fe-S proteins (Rocha and Dancis, 2016) , more than twice as many as B. subtilis. Consequently, it is difficult to predict the combined effect of disrupting all Fe-S proteins, which should perturb not only the metabolism but also DNA repair, translation fidelity and efficiency and gene regulation (Rocha and Dancis, 2016) .
Components of the SufBCD complex are basically interchangeable between B. subtilis and E. coli, but SufB requires a substitution So far, biochemical characterization of Gram-positive SufBCD proteins has been hampered by difficulties in sample preparation. Consequently, their role has only been inferred by sequence homology with the wellcharacterized E. coli counterparts. The bidirectional complementation assays performed in this study provide compelling evidence that SufC and SufD are functionally interchangeable between B. subtilis and E. coli; the E. coli components can substitute for B. subtilis components and vice versa (Figs. 5 and 6 ). Although SufB was not interchangeable, a single amino acid substitution was enough to cross the species barrier (Fig. 7) . These findings strongly suggest that the three B. subtilis components form an SufB 1 C 2 D 1 complex as observed in E. coli, and work in concert to assemble Fe-S clusters. According to recent studies on the E. coli complex, the mechanism seems to involve several steps: (i) persulfide sulfur is transferred from SufE to SufB Cys254, (ii) the sulfur is released and migrates through the tunnel in the b-helix core domain of SufB, (iii) conformational change of SufBD is induced by ATP-driven dimerization of two subunits of SufC and (iv) the Fe-S cluster is assembled at the interface of SufB and SufD using three essential residues (Cys405 and Glu434 of SufB and His360 of SufD) (Hirabayashi et al., 2015; Yuda et al., 2017) . Importantly, amino acid residues critical for these functions (Lys40, Glu171 and His203 of SufC, Arg226, Asn228, Cys254, Gln285, Trp287, Lys303, Cys405 and Glu434 of SufB, and His360 of SufD; E. coli numbering) are all conserved in the B. subtilis components. Among the suppressor mutations in B. subtilis SufB, Asp376Gly is located adjacent to the essential Cys residue (corresponding to E. coli SufB Cys405), while others are distributed remotely on the opposite side of the b-helix core domain (Val354Ala and Asp387Gly) or C-terminal helical domain (Ile464Thr) (Supporting Information Fig. S9A ). It is unlikely that these substitutions in B. subtilis SufB are directly involved in the interaction with E. coli SufD or SufC. The role of these suppressor mutations is currently under investigation.
B. subtilis SufU is a sulfur transfer protein
The most prominent feature of the Gram-positive SUFlike machinery is the presence of the U-type scaffold protein (SufU) in place of SufE in the E. coli SUF machinery. Although the sulfur transfer reaction from SufS cysteine desulfurase to SufU has been extensively characterized, it has remained controversial whether SufU serves as a scaffold for de novo assembly of the Fe-S cluster or acts as a sulfur transfer protein. In this study, the bidirectional complementation studies revealed for the first time that E. coli SufSE could functionally substitute for B. subtilis SufSU and vice versa (Figs. 5 and 6 ). In the extensively characterized E. coli SUF machinery, cysteine desulfurase SufS and the sulfur acceptor SufE mediate the sulfur transfer reaction from the substrate L-cysteine to the Fe-S cluster scaffold SufBCD complex Outten et al., 2003; Layer et al., 2007) . Thus, the mutual interchangeability observed in this study indicates in vivo sulfur transfer from E. coli SufSE to B. subtilis SufBCD, as well as from B. subtilis SufSU to E. coli SufBCD. This view is further supported by our observation that substitution of E. coli SufE Cys51 with Ala abolished the heterologous complementation (Fig. 5) . Although the primary sequences of SufU and SufE are not homologous, their tertiary structures show analogous folding with similar positioning of a cysteine residue (E. coli SufE Cys51 and B. subtilis SufU Cys41), which are used to accept persulfide from SufS (Supporting Information  Fig. S10 ). We have recently demonstrated that, in the E. coli SUF machinery, the persulfide sulfur is transferred from SufE Cys51 to SufB Cys254, a residue located at the N-terminal side of the b-helix core domain (Yuda et al., 2017) . This cysteine is conserved in B. subtilis SufB (Cys231) together with the nearby residues (Supporting Information Fig. S9B ), among which Arg226 and Asn228 are critical for the in vivo function of E. coli SufB. It is, therefore, very likely that these conserved residues facilitate the interspecific interaction between E. coli SufE and B. subtilis SufB as well as B. subtilis SufU and E. coli SufB.
In the E. coli ISC machinery, we previously demonstrated that IscS and IscU are the only essential components in the Dsuf background, consistent with their roles as cysteine desulfurase and scaffold, providing the core functions for Fe-S cluster assembly. IscA, Fdx, HscB and HscA, by contrast, are auxiliary components, which can be substituted with other proteins under anaerobic conditions or suppressor mutations of other components (Tanaka et al., 2016) . In this study, E. coli iscSU did not complement the B. subtilis mutants DsufS, DsufU and DsufSU despite the sequence and structural similarity between B. subtilis SufU and E. coli IscU (Fig. 5 , Supporting Information Figs. S5 and S10) . Likewise, no functional complementation was observed when B. subtilis sufSU was introduced into the E. coli mutants DiscS and DiscU, neither under aerobic nor anaerobic conditions (Supporting Information Fig. S4 ). Differences in properties between B. subtilis SufU and E. coli IscU were further observed in the role of conserved amino acids: among the three Cys residues and the Asp residue essential for the scaffold function of IscU, two corresponding residues in B. subtilis SufU could be functionally replaced with other amino acids (Fig. 8) . The structure of B. subtilis SufU showed the presence of a Zn 21 ion coordinated by these three Cys residues and the Asp residue (Selbach et al., 2014) . It should be noted that functional substitution of Asp43 was achieved with the Zn-chelatable amino acids Glu or Cys but not with unchelatable Asn or Gln (Fig. 8 and data not shown). Dos Santos and coworkers have demonstrated that the Zn-depleted apo-form of B. subtilis SufU has an altered secondary structure and loses activity in the sulfur-transfer reaction from SufS (Selbach et al., 2014) . More importantly, we have recently observed that, in the crystal structure of the B. subtilis SufS-SufU complex, the Zn-coordination was altered by ligand exchange from SufU Cys41 to SufS His342, thereby facilitating the association of SufS and SufU with concomitant release of free Cys41 to receive persulfide from SufS Cys361 . Taken together, these observations underscore the importance of Zn 21 ligation for both structure and function of B. subtilis SufU. We conclude that B. subtilis SufU serves as a Zn-dependent sulfur transfer protein from SufS to SufBCD. However, we could not completely eliminate the possibility that SufU might also serve as a Fe-S cluster scaffold in addition to its role as a sulfur transfer protein. This possibility will have to be examined through another type of experiment. Our phylogenomic studies demonstrate that the IscU and SufU subfamilies diverged early and their members evolved distinct traits: proteins from one as Fe-S cluster assembly scaffolds and proteins from the other as sulfur carriers (Supporting Information Figs. S6 and S7) . We suggest that SufE arose by convergent evolution as sequence similarity to SufU/IscU is negligible. SufU may then have been replaced in its role by SufE in some bacterial lineages including alpha-and gamma-proteobacteria during the evolutionary history of the SUF system.
Experimental procedures
Bacterial strains and cell growth
The B. subtilis 168 strain and its derivatives used in this study are listed in Table 1 . The lacA::P xylA comK allele was transferred from B. subtilis 1A976 into the lacA neutral locus of wild type 168. The resultant strain (NY105) was transformed with the pBMV4 Nm r plasmid (see below), and then the suf deletion strains were constructed by substituting the coding region with the Sp r gene derived from pAPNC213 (Morimoto et al., 2002) . For details, see Supporting Information Fig. S11 . The suf mutant cells were cultivated in 2xYT medium supplemented with 1% glucose, 1% sodium pyruvate (Ye et al., 2000) , 0.2 mM IPTG, 0.5 mM mevalonolactone (Sigma-Aldrich), and 20 mM KPO 4 buffer, pH 7.0 (designated as 2xYT complete medium). When required, Sp, Em, neomycin (Nm) and chloramphenicol (Cm) were added at concentrations of 200, 0.5, 5 and 5 mg ml 21 respectively. For anaerobic growth, cells were grown on agar plates containing 2xYT complete medium using the BBL GasPak Anaerobic System (Becton Dickinson). The chemically defined medium was based on Spizizen's minimal medium containing 10 mg ml 21 tryptophan that was supplemented with 1% glucose, 1% sodium pyruvate, 0.5 mM IPTG, 0.5 mM mevalonolactone, 2 mg ml 21 thiamine, 2 mM nicotinic acid, 0.2 mM biotin, 2 ng ml 21 lipoic acid, and 19 amino acids, purines, and pyrimidines at concentrations described by Cutting and Vander Horn (Cutting and Vander Horn, 1990) . Bacterial growth in liquid medium was monitored by measuring optical density (O.D.) at 660 or 600 nm using Bio-photorecorder TN1503 (ADVANTEC) or Miniphoto 518R (TAITEC).
E. coli mutant UT109 harboring the plasmid pUMV22 Sp r was cultivated as described previously (Tanaka et al., 2016) .
Construction of plasmids for expressing four enzymes of the MVA pathway (pBMV4 and pBMV4 Nm r )
The plasmids and primers used in this study are listed in Supporting Information Tables S1 and S2 respectively. To construct the expression vector in B. subtilis, the plasmid pHB201 (Bron et al., 1998) was digested with NcoI and BclI and the 2.8-kb fragment containing ori1060 and rep-1060 was ligated with the NcoI-BclI fragment derived from pDH88 (Henner, 1990) carrying P spac , polylinker and lacI, yielding pAA101. The coding regions for phosphomevalonate (PMVA) kinase (pmvk), diphosphomevalonate (DPMVA) decarboxylase (mvd), MVA kinase (mvk) and isopentenyl diphosphate (IPP) isomerase (idi) were separately amplified from the Streptomyces sp. CL190 genome with an artificial ribosome binding sequence (GGAGGTTGTTTT) using the primer sets shown in Supporting Information Table S2 . The PCR products were digested with HindIII and XbaI, XbaI and BglII, BglII and ClaI, and ClaI and SphI respectively. The DNA fragments were sequentially cloned into the polylinker site of pAA101 to generate the plasmid pBMV4, in which the expression of pmvk-mvd-mvk-idi was driven under the control of P spac promoter. The Cm r marker of pBMV4 was replaced with Nm r marker by homological recombination with the pCm::Nm plasmid (Steinmetz and Richter, 1994) 
Construction of plasmids for complementation of B. subtilis mutants (pHCMC-series)
The multicloning site of the pHCMC05 plasmid (Nguyen et al., 2005) was modified by elimination of several restriction sites and linker ligation. First, the plasmid was digested with XhoI and SphI, blunt-ended with T4 DNA polymerase, and self-ligated. The resultant plasmid was then digested with NheI and SacI, blunt-ended by mung bean nuclease, and self-ligated. The plasmid was digested with XbaI and Fe-S cluster biosynthesis in Bacillus subtilis 699
SmaI, and ligated with an oligonucleotide linker (Supporting Information Table S1 ) to generate a new multi-cloning site (P spac -BamHI-XbaI-SphI-XhoI-SacI-SacII-NheI-NruI-BmgBI), yielding pHCMC05-NMC. B. subtilis sufC, sufD, sufS, sufU and sufB were amplified using the primer sets Bs SufF-Xb and Bs sufC-R-Sc, Bs sufD-F-Xb and Bs sufDSU-R, Bs sufS-FXh and Bs sufS-RSc, Bs sufU-F-Xb and Bs sufU-RNh, and Bs sufDSU-F and Bs SufR-Sc respectively. The PCR products were first cloned in the pMD20-T vector (TaKaRa) by the TA cloning method. Then, sufC, sufD, sufU and sufB were excised by XbaI-SacI digestion, and sufS by XhoI-SacI digestion. The fragments were ligated into the corresponding restriction sites of pHCMC05-NMC, yielding pHCMC05-Bs sufC, -Bs sufD, -Bs sufS, -Bs sufU and -Bs sufB. Site-directed mutagenesis of SufU was performed by inverse PCR using the pHCMC05-Bs sufU plasmid as a template and the primers listed in Supporting Information Table S2 .
The B. subtilis sufCDSUB operon was amplified using the primers Bs SufF-Xb and Bs SufR-Sc, digested with XbaI and SacI, and ligated into the corresponding restriction sites of pHCMC05-NMC, yielding pHCMC05-Bs sufCD-SUB. B. subtilis sufSU was amplified using the primers Bs sufS-FXh and Bs sufU-RNh, and cloned into the pCR2.1-TOPO vector (Invitrogen) by the TA cloning method (designated as pTOPO-Bs sufSU). The sufSU fragment was excised by SpeI digestion, blunting with T4 polymerase, and XbaI digestion, and subcloned between the XbaI and SmaI sites of pHCMC05, to generate pHCMC05-Bs sufSU.
A 2.2-kb DNA fragment containing H. pylori nifSU was excised from the pRKHpSU plasmid (Tokumoto et al., 2004) by digestion with XbaI and SacI, and ligated into the corresponding sites of pHCMC05-NMC, yielding pHCMC05-Hp nifSU. E. coli sufB, sufC, sufD, sufS and sufE were excised from the pBBR derivatives (see below) by XbaISacI digestion, and subcloned into pHCMC05-NMC, yielding pHCMC05-Ec sufB, -Ec sufC, -Ec sufD, -Ec sufS andEc sufE. E. coli iscSU was excised from pTOPO-Ec iscSU (see below) by digestion with XbaI and SmaI and subcloned into the corresponding sites of pHCMC05, yielding pHCMC05-Ec iscSU. E. coli sufSE and csdAE were excised from pTOPO-Ec sufSE and pTOPO-Ec csdAE (see below) respectively, by SpeI digestion, blunting with T4 polymerase, and XbaI digestion. The fragments were subcloned between the XbaI and SmaI sites of pHCMC05, to generate pHCMC05-Ec sufSE and -Ec csdAE. Site-directed mutagenesis of SufE (Cys51Ala) was performed by inverse PCR using the primers Ec-sufE-C51A_F and Ec-sufE-C51A_R.
Construction of plasmids for complementation of E. coli mutants (pBBR-and pRK-series)
The coding regions of E. coli sufB, sufS and sufE were amplified using the primer sets shown in Supporting Information Table S2 . The PCR products were first cloned in the pCR2.1-TOPO vector. The NdeI-BamHI fragments carrying the respective coding regions were excised and subcloned into the pET21a(1) plasmid (Novagen). Then, the XbaISacI fragments carrying the ribosome-binding sequence and the coding regions were transferred into the corresponding sites of pBBRMCS-4 (Kovach et al., 1995) , yielding pBBR-Ec sufB, -Ec sufS and -Ec sufE. The plasmids to express E. coli sufC or sufD (pBBR-Ec sufC or pBBR-Ec sufD) were constructed previously in a similar way (Wada et al., 2009; Hirabayashi et al., 2015) .
The coding regions of E. coli sufSE and csdAE were amplified using the primer sets of sufSF and sufER, and csdAF and ygdKR respectively, and cloned in the pCR2.1-TOPO vector (giving pTOPO-Ec sufSE and pTOPO-Ec csdAE). The XhoI-NheI fragments were subcloned into the XhoI-XbaI sites of pBBRMCS-4, yielding pBBR-Ec sufSE and pBBR-Ec csdAE respectively. The coding region of E. coli iscSU was amplified using the primers iscSF-Xb and iscUR-Sm, cloned into the pCR2.1-TOPO vector (designated as pTOPO-Ec iscSU), and the XbaI-SacI fragment was subcloned into the corresponding sites of pBBRMCS-4, yielding pBBR-Ec iscSU.
The plasmid pRK-sufA_CDSE (DsufB) was constructed from pRKSUF058 by inverse PCR-mediated in-frame deletion of sufB using the primers SufA-RSc and C-FSc2, digestion with SacI, and self-ligation. Similarly, pRK-sufABCD_E (DsufS) was constructed from pRKSUF088 using the primers D-RSc2 and E-FSc2. The DNA fragment containing sufABCD was excised from pRKsufABCD_E by XhoI-SacI digestion, subcloned into the corresponding sites of pBBRMCS-4, and then transferred back into the pRKNMC (Nakamura et al., 1999) vector using KpnI-SacI digestion, yielding pRK-sufABCD (DsufSE).
The B. subtilis sufSU fragment was excised from pTOPO-Bs sufSU (described above) by digestion with XhoI and NheI, and subcloned between the XhoI and XbaI sites of pBBRMCS-4, yielding pBBR-Bs sufSU. B. subtilis sufC, sufD, sufU and sufB were excised from the corresponding pHCMC05 derivatives (described above) by XbaI-SacI digestion, and sufS by XhoI-SacI digestion. The DNA fragments were subcloned into the corresponding sites of pBBRMCS-4 to generate pBBR-Bs sufC, -Bs sufD, -Bs sufS, -Bs sufU and -Bs sufB. The error-prone PCR was carried out using pBBR-Bs sufB as a template and the primers BST3 and BST7. The product was digested with XbaI and SacI, and cloned back into the pBBRMCS-4 vector.
Enzyme assays
B. subtilis cells were grown in 2xYT complete medium to early stationary phase. The cells were pelleted, suspended in cold 50 mM potassium phosphate buffer, pH 7.5, and then disrupted by sonication in the presence of 0.1-mm glass beads. The cell extract was clarified by centrifugation at 12 000 3 g for 15 min at 48C and subjected to enzyme assays. Succinate dehydrogenase, glutamate synthase and malate dehydrogenase assays were conducted as described (Tokumoto and Takahashi, 2001) . Aconitase activity was measured by monitoring the conversion of isocitrate to cis-aconitate at 240 nm with an extinction coefficient for cis-aconitate of 3.6 mM 21 in 90 mM Tris-HCl (pH 7.8) containing 20 mM DL-trisodium isocitrate (Kennedy et al., 1983) . Protein was determined by the method of Bradford. One unit of enzyme activity was defined as 1 lmol product min
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